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3 Several lines of evidence suggest, at least in the dog, that the renal vascular response is due to activation of the renin-angiotensin system. 3 We recently have devised a modification of the microsphere technique which makes it possible to assess afferent vascular dimensions and resistance without exposing the kidney. 4 The known effects of surgical trauma on renal perfusion led us to examine the effect of the surgery required to expose the kidney on renal hemodynamics in the rat, and to explore the implications of the renal vascular response for glomerular dynamics. Our working hypothesis was that the surgery required to expose the kidney for micropuncture in the rat may have influenced the results of many experiments in which this maneuver is unavoidable. The results, moreover, provide further insight into the renal vascular and functional response to trauma.
Methods

GENERAL TECHNIQUES AND PROTOCOLS
Studies were performed in 46 male Sprague-Dawley rats weighing approximately 300 g. Standard laboratory chow and tap water were provided. Anesthesia was induced with pentobarbital sodium (40 mg/kg, ip) and maintained with occasional supplements of 5-6 mg/kg as required for surgical anesthesia with spontaneous respiration. Tracheostomy provided an airway. Rectal temperature (Yellow Springs Instrument) was kept between 36°C and 37°C with a lamp. Ventricular catheterization was achieved from the right carotid artery with a tapered, polyethylene (ClayAdams PE 50) catheter. An identical catheter was placed into the aorta below the renal arteries from the femoral VOL. 41, No. 1, JULY 1977 artery for blood pressure measurement and arterial sample collections. Pressures were monitored from the two catheters with P23Dc Statham transducers and recorded continuously on a Grass model 5 polygraph.
In 15 rats the left kidney was exposed by a subcostal incision. Warm peanut oil prevented drying but the kidney was not handled. After a 40-minute period to allow stabilization, the blood flow studies were performed.
Similar studies were performed in 31 rats in which the kidney was not exposed, according to protocols which varied only in the number and the size distribution of microspheres administered, to provide a systematic assessment of the influence of the fraction and total number of "large microspheres" (larger than 18 pirn in diameter) on the index of afferent arteriolar dimensions.
Measurement of renal blood flow and cardiac output with radioactive microspheres (3M) has been described in detail. 5 ' 6 In brief, after a 40-minute period of stabilization following surgery, 40,000-110,000 labeled spheres suspended in 0.5 ml of a sucrose solution were infused into the left ventricle. Sonication and polysorbate 80 (Tween 80) prevented microsphere aggregation.
Beginning immediately prior to sphere administration a measured quantity of arterial blood, about 1 ml, was collected from the aortic catheter over a 60-to 90-second period by free flow, to provide the "reference sample" for blood flow measurement. 6 If mixing of spheres with blood is complete, the ratio of microspheres to blood flow in any tissue is the same. Thus the "reference sample" provides a ratio from which flow in any region, and cardiac output, can be calculated. Glomerular blood flow was assessed from the ratio of microspheres to glomeruli in tissue sections. 4 At 1 minute before the rat was killed, an infusion of Millipore-filtered 10% Alcian blue (Mathesen, Coleman and Bell) was administered to allow glomerular capillary visualization after tissue clearing. Both kidneys were then weighed and placed in 25% ethanol to initiate the clearing process, and gamma emission was measured in a well counter. The reference sample and appropriate samples of the microsphere stock solution were also counted.
TISSUE PROCESSING AND THE MORPHOLOGICAL MICROSPHERE METHOD
The samples were then dehydrated by exposure to ethanol, cleared with methyl salicylate, and embedded in Para Plast (Sherwood Medical). Sagittal sections (200 fim thick) were cut (A.O. model 820 microtome) and mounted in balsam. 4 Thus structures in the tissue were intact, but translucent so that stained glomeruli and microspheres were easily identified.
The diameters of the microspheres in the tissue were measured at 160x magnification with a Cooke AEI image-splitting device, rather than with the micrometer eyepiece used initially. 4 The image-splitting device reduced the number of judgments from 3 to 1. In 100 duplicate coded measurements made with the two devices of spheres ranging from 12 to 36 fj.m, the correlation wasr = 0.99 (F = 5,306; P < 0.01). The image-splitting device could be read to less than 1.0 fim at 160x magnification.
Microspheres were classed as "intragtomerular" (i.e., trapped within a glomerulus) or "extraglomerular." About 5% of the spheres lodged at the vascular pole of the glomerulus. Whereas the designation intraglomerular or extraglomerular was generally made with ease, disagreement occurred on a "polar" location. Only 4.25% of the 1,534 spheres in the normal and 4.7% of the 2,126 spheres in the exposed kidneys were polar, according to one observer. A second observer independently identified 4.5% and 5.3%, respectively. The calculations of glomerular capillary pressure were made with the polar microspheres classified as extraglomerular, as seems most appropriate and when they were excluded. The approach to assessing afferent vascular dimensions assumes that a microsphere reaches a glomerulus because every arterial vessel proximal to the glomerulus has a diameter in vivo which is larger than that of the sphere; i.e., when a microsphere reaches an afferent vessel too small to allow forward progress, the sphere stops proximal to the glomerulus. Thus microsphere delivery to the glomeruli is a function of the size of the proximal vessels.
A range of microsphere sizes, with a substantial number too large to reach glomeruli, is required. On the one hand, the use of many large microspheres facilitates measurement. On the other, the delivery of too many large microspheres could modify the index. As an extreme case, 30,000 large microspheres lodged in vessels proximal to the 30,000 glomeruli in an average rat kidney would trap many smaller microspheres proximal to the occluded afferent arterioles. For that reason a systematic assessment of the influence of the number of large microspheres was made.
Microspheres are available in sizes averaging 15, 25, and 35 fim in diameter, with batches having a standard deviation of 1.5-3.5 (jm. The critical size range for determination of afferent arterioiar dimensions is 18-26 / Mm in the rat. 4 To increase the proportion of microspheres in the 18-to 22-fim range we subjected \5-fim spheres to sedimentation. About 1 g was suspended on a 36-cm, 60% sucrose column (internal diameter, 6 cm). After 48 hours separation of the spheres was visible; the lower third was collected, centrifuged and resuspended. After 48 hours the bottom third contained spheres with an average diameter of 18 ± 2 (SD) fim.
At least 400 microspheres are required in a sample for adequate statistics. 7 Because each kidney receives about 10% of the cardiac output, the number of spheres delivered is rarely limiting. About 40,000 microspheres represent the smallest number that can be used if the reference sample is not to exceed 1-2% of the cardiac output. To measure the index of afferent arteriolar dimensions similar considerations applied. For reasons stated above a systematic assessment of the influence of the number of large (exceeding 18 fim) spheres on the index was undertaken. Approximately 100,000 spheres containing either 9,000, 15,000, 30,000, or 60,000 large microspheres were given. An unequivocal influence of large microspheres on the percentage reaching the glomeruli was defined (Fig. 1 ). When 9,000-15,000 microspheres exceeding 18 fim were administered no influence on the percentage of spheres reaching the glomeruli was evident. When 30,000 or 60,000 large microspheres were given, an unequivocal shift in the frequency distribution occurred (Fig. 1) . Renal blood flow in these groups ranged from 5.7 ± 0.3 to 6.1 ± 0.1 ml/g per min and was unrelated to microsphere size. In this study about 85,000 microspheres containing about 15,000 exceeding 18 ptm were used.
STATISTICAL ANALYSES
Mean values have been expressed with the standard error of the mean as the index of dispersion, unless otherwise noted. Statistical significance was assessed by Student's r-test or by nonparametric techniques, including the Fisher exact test or Wilcoxon rank sum test, where appropriate. Regression analysis was also performed where appropriate. The null hypothesis was rejected when the P value was less than 0.05.
Results
Renal blood flow in the rats in which the kidneys were not exposed averaged 5.87 ± 0.21 ml/g per min on the right, and an identical 5.90 ± 0.25 ml/g per min on the left (Table 1) . Exposure of the kidney did not influence mean arterial blood pressure, but did reduce cardiac output significantly. Blood flow in the exposed kidney fell to 4.55 ± 0.19 ml/g per min; (P < 0.001). Similarly, glomerular blood flow fell from 249 ± 18 to 180 ± 10 nl/min (P < 0.01). A smaller but statistically significant fall also occurred in the nonexposed kidney, but flow remained significantly greater in the nonexposed than exposed kidney (P < 0.05).
The reduction in the size of microspheres reaching the glomeruli was evident over the entire frequency distribution of microsphere sizes in the exposed kidneys ( Fig. 2 and Table 2 ). In the normal rats, all of the 781 microspheres smaller than 19 /xm in diameter reached glomeruli. In the exposed kidney 4.2% of the microspheres ranging in size from 17 to 19 /xm were stopped proximal to the glomeruli (P < 0.0005). A significantly smaller percentage of microspheres reached the glomeruli in exposed kidneys in each 2-/xm cohort up to 25 ^.m (Table 2) . Over 90% of the microspheres larger than 25 /u.m were extraglomerular in both kidneys. When all microspheres were considered, the median value was reduced to 21.8 /urn in the exposed kidney from 23.7 in normal kidneys (P < 0.0005). When the 4-5% of microspheres which were equivocal, classed as polar, were removed from the analysis, the relationship remained the same (P < 0.0005) (Fig.  2) point, despite the limited number of microspheres that were examined in each kidney (Fig. 3) . It is possible (see Appendix) to estimate the influence of exposure of the kidney on afferent and efferent vascular resistance and glomerular capillary pressure (Fig. 4) . Total renal resistance in the exposed kidney was increased 29.2%. Afferent arteriolar resistance (calculated from the equations developed in the Appendix) increased 40.2%. As an alternative the ratio of the sphere diameters can be used to calculate an increase of afferent resistance of It is possible to estimate glomerular capillary pressure in the normal kidney from these observations and the equations developed in the Appendix. Calculated glomerular capillary pressure in the normal kidneys was 52.5 ± 2 . 3 mm Hg. This analysis probably underestimates the difference in glomerular capillary pressure between normal and exposed rat kidneys. If two normal rats in which arterial pressure was 80-85 mm Hg are removed from the analysis, calculated glomerular capillary pressure was 59.6 ± 4.5 mm Hg. The more conservative estimate, in which glomerular capillary pressure in the normal kidney is calculated to be 52.5 ± 2 . 3 mm Hg, is provided in the analysis relating mean renal blood flow, afferent vascular dimensions, and glomerular capillary pressure (Fig. 5) .
Discussion
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3 and now extended to the rat. Although flow was not measured in the unanesthetized rat, the surgery required for catheterization was considerably less than that required for exposure of the kidney, and flow in the nonexposed kidneys was about 6 ml/g per min, in excellent accord with measurements made in the unanesthetized rat. 8 Mechanisms responsible for the reduction were not defined, but several lines of evidence suggest that the renal vascular response is due to activation of the reninangiotensin system in the dog. This study was undertaken because we had noted a flow/ glomerulus in the rat of 230 nl/min, 4 confirming estimates made by Kallskog et al. 10 In rats studied at micropuncture glomerular blood flow rarely exceeds 150 nl/min, 9 -"~1 3 unless they were aggressively volume-expanded.
14 - 15 Given current interest in the forces operating in the glomerulus, 9 ' "~1 5 it seemed important to assess the effect of surgery necessary to accomplish micropuncture. An average glomerular blood flow of 249 nl/min in nonexposed rat kidneys in this study confirmed the earlier reports. The glomerular blood flow of 180 nl/min we found in the exposed kidneys still exceeds that in the rats at micropuncture, 91 n~13 especially in view of the fact that these glomerular blood flows represent an average of all glomeruli, and micropuncture assessed superficial glomeruli which have a higher flow. blood flows at micropuncture. Different strains of rats were studied. The subcapsular location of the glomeruli in Munich-Wistar rats must reflect an unusually long afferent arteriole, and thus an increased afferent resistance. The inevitable requirement of surgical exposure of the kidney to perform micropuncture, in the light of the major influence of extensive surgery on renal blood flow, seemed a likely contributor. The fact that glomerular blood flow was still not reduced by surgery in this study to the level found in rats at micropuncture may reflect differences in strain, regional anatomy, age of the rat, or the greater manipulation required to perform micropuncture.
Not only was total renal vascular resistance increased in the exposed kidney, afferent vascular resistance was particularly elevated. Total renal vascular resistance increased 29% whereas afferent resistance rose 40%. Moreover, the larger the blood flow reduction, the more striking was the increase in afferent resistance. Thus the results have important implications for normal glomerular dynamics. Before exploring this it is important to assess the potential errors and limitations of the methodology employed.
Observer bias, a potential problem, was avoided by examining the tissue sections on a coded basis. Duplicate readings gave virtually identical results. A second problem was presented by the 4-5% of equivocally located spheres, lodged in the afferent arteriole immediately adjacent to the glomerulus. The polar microspheres, however, did not change the relationship between normal and exposed kidneys, making it unlikely that important shifts into or out of glomeruli after tissue devitalization had an undue influence on the afferent index: polar spheres were most likely to have been involved in such shifts. A third potential difficulty assessed was that of the influence of large microspheres. An unequivocal influence of large microspheres was demonstrable, limiting the number of microspheres sufficiently large to define the critical portion of the frequency distribution which can be administered. This represents a serious limitation in the rat, where a small amount of renal tissue is available. At least 400 microspheres are required in an individual measurement to reduce the standard error of the measurement to an acceptable 5%. 7 About 150 microspheres were recovered and measured in the individual rat kidneys, providing a standard error of almost 9% in individual determinations. Despite this a significant correlation was found between the median value for afferent diameter and renal blood . flow in each rat (Fig. 3) . For the two groups as a whole, however, the number of microspheres measured was more than adequate for statistical confidence. Indeed, highly significant statistical differences between normal and exposed kidneys were demonstrable not only for the frequency distribution as a whole, but also in the individual size cohorts over the entire critical range of microsphere size. Two additional general assumptions implicit in the method have not been assessed. The first assumes that a microsphere stops at the first arteriole too small to allow for progress, a reasonable assumption, a priori. The second assumes that the microspheres neither enter nor leave the glomeruli after devitalization and during processing. While such movement is possible, as discussed above, it is unlikely that prior exposure of the kidney in vivo should have systematically influenced the process as to result in the striking differences between the two groups.
The results suggest that exposure of the kidney preferentially increases afferent vascular resistance, and thus reduces glomerular capillary pressure. Calculation of glomerular capillary pressure in the exposed kidney is not possible, but direct measurements have demonstrated a reproducibly low glomerular capillary pressure in the exposed kidney, of about 45 mm Hg. 9 ' "~1 5 The observations suggest, however, that glomerular capillary pressure is substantially higher in the intact kidney. The data from micropuncture, used to estimate the difference, suggested that glomerular capillary pressure in the intact kidney is in the range of 52-59 mm Hg, values higher than those measured by micropuncture, but less than suggested by even more indirect methods.
1 ' " The indirect methods, while not demanding exposure of the kidney, suffer from the criticism that the measurements were made when glomerular capillary pressure had increased in response to the experimental maneuver required to make the assessment. 18 It is unfortunate that the same criticism is applicable to the most direct method we have -micropunctureas it is, indeed, to the microsphere method applied in this study.
Filtration equilibrium has been demonstrated unequivocally in the exposed kidney. 9 '"" 15 A number of maneuvers, generally involving volume expansion, both increase glomerular blood flow and capillary pressure and result in filtration disequilibrium in the exposed rat kidney.' 4 ' l5 Volume expansion in those studies resulted in a blood flow rate which is normally present in the intact rat kidney. Rigorous conclusions concerning the probability that filtration equilibrium is present in the intact kidney cannot be made in the absence of information on the glomerular capillary filtration coefficient and hydrostatic pressure in Bowman's space -nor is it evident how such information can be obtained for the intact kidney. Evidence indicates that neither of these determinants of glomerular filtration rate is constant, 19 but disequilibrium did not occur in the rat when glomerular blood flow and hydrostatic pressures were in the range 14 present in the intact kidney. The reduction in renal blood flow and glomerular filtration rate which characterize the renal response to stress and trauma have major survival value, as they contribute to the repair of the volume deficit. To the extent that glomerular filtration is renal plasma flow-limited, as has been true in settings in which filtration equilibrium is present," the reduction in blood flow with trauma reduces the load presented to the tubules for reabsorption. Viewed in this context the reduction in glomerular capillary pressure consequent to predominant afferent arteriolar constriction has the same potential utility.
Appendix THE EQUATIONS FOR CALCULATION OF GLOMERULAR CAPILLARY PRESSURE (Pgc)
The determinants of vascular resistance (R) are well known. From the Poiseuille equation:
where V = viscosity, L = length, and r = arteriolar radius.
Resistance is also equal to the pressure drop across the system divided by its flow:
where Pi = mean arterial pressure at inflow, Po = mean arterial pressure at outflow, and Q = mean blood flow. Renal vascular resistance (Rt) is made up of two elements in series. The preglomerular resistance (Ra) is due largely to the afferent arteriole while the efferent resistance (Re) lies distal to the glomerulus. In the following development it is assumed that the frequency distribution of microsphere size reflects afferent dimensions, and thus provides an index of preglomerular resistance. The median value, i.e., the microsphere size where precisely 50% of the microspheres were intraglomerular and 50% were extraglomerular, has been used as the index of afferent dimensions. The true arithmetic mean limiting diameter is not known, but it equals the median value if the distribution of vessel sizes is Gaussian, as is suggested by the sigmoid shape of the microsphere frequency distribution. Total renal vascular resistance (Rt) is the sum of the afferent (Ra) and efferent (Re) resistances:
Brenner et al. 9 demonstrated in the mutant MunichWistar strain of rat by direct puncture of the exposed kidney that preglomerular resistance represents 57% of total renal resistance, and that glomerular capillary pressure was 45 mm Hg. Because their measurements were made on exposed kidneys, it is possible to develop the equations further on the basis of one of two assumptions: The first is that preglomerular resistance in the exposed kidneys of our rats was 57% of the total; the second is that glomerular capillary pressure was 45 mm Hg in the exposed kidneys. Because glomerular blood flow, while reduced in the exposed kidney, still exceeded the values in the rats studied by Brenner et al., 9 it seems likely in the following analysis that we have underestimated the influence of exposure of the kidney on glomerular dynamics.
From the first assumption (i.e., Ra is 57% of Rt) one can estimate Ra from our observations ( Table 1) that Rt = 24.24 mm Hg/ml per g per min (from the data on the exposed kidney and Equation 3). Thus Ra = (24.25) (0.57) = 13.82 mm Hg/ml per g per min.
From 
where C is a constant which can be assessed from the values in the exposed kidney. From Equation 4 and 5, and the value for afferent arteriole diameter (2r) of 21.80: C = P a ~ PgC (r) 4 = by substitution, 2.03 x 10 s . (7) Therefore: Pgc = Pa -2.03 x 10 5 (Qg) (r) 4 (8) A second approach to defining the constant is provided by the second assumption, that Pgc in the exposed kidneys in our study equals 45 mm Hg. By substitution in Equation 7 , Pa = 110.3 mm Hg, Qg = 4.55 ml/g per min, and afferent arteriolar median diameter equals 21.8 /xm, results in a C = 2.03 x 10 5 , as above. The constant defined in this way differed from the constant defined according to assumption 1 only in the fourth decimal place.
